Abstract: Under steady-state conditions when fluid temperature is constant, there is no damping and time lag and temperature measurement can be made with high accuracy. But when fluid temperature is varying rapidly as during start-up, quite appreciable differences occur between the true temperature and the measured temperature because of the time required for the transfer of heat to the thermocouple placed inside a heavy thermometer pocket. In this paper, two different techniques for determining transient fluid temperature based on the first and second order thermometer model are presented. The fluid temperature was determined using measured thermometer temperature, which is suddenly immersed into boiling water. To demonstrate the applicability of the presented method to actual data, the air temperature which changes in time, was calculated based on the temperature readings from the sheathed thermocouple.
Introduction
Most books on temperature measurement concentrate on steady-state measurements of fluid temperature [1] [2] [3] [4] [5] [6] [7] [8] [9] . Only a unit-step response of thermometers is considered to estimate the dynamic error of temperature measurement.
Little attention is paid to measurements of transient fluid temperature, despite the great practical significance of the problem [10] [11] [12] [13] [14] . In [7] a thermocouple compensating network is applied to increase the frequency response of the thermocouple. The disadvantage of the compensating network is that it educes the thermocouple output and is appropriate for the time independent time constant. When a temperature measurement is conducted under unsteady conditions, it is of great importance that the dynamic measurement errors should be taken into account [12, 13] . In the first method the thermometer is considered to be a first order inertia device and in the second method it is considered to be a second order inertia device. A local polynomial approximation, based on 9 points was used for the approximation of the temperature changes. This assures that the first and the second derivative from the function representing the thermometer temperature changes in time will be determined accurately.
An experimental analysis of the industrial thermometer at the step increase of the fluid temperature was conducted. A comparison was made between the temperature time histories determined using the two proposed methods at the step increase of the fluid temperature were compared.
Mathematical models of the thermometers
Usually the thermometer is modelled as an element of the concentrated thermal capacity. In this way, it is assumed that the temperature of the thermometer is only the function of time and temperature differences occurring within the thermometer are neglected. The temperature changes of the thermometer in time T(t) have been described by an ordinary first order differential equation (first order thermometer model)
For thermometers with a complex structure used for measuring the temperature of the fluid under high pressure, the accuracy of the first order model (1) is inadequate.
Thermometer of a complex structure
To demonstrate that a dynamic response of a temperature sensor placed in a housing may be descried by a second-order differential equation, a simple thermometer model shown in Fig. 1 will be considered.
An air gap can appear between the external housing and the temperature sensor. The thermal capacity of this air gap cρ is neglected due to its small value ( Fig. 1 ).
Introducing the overall heat transfer coefficient k w referenced to the internal surface of the housing and accounting for the radiation heat transfer from the housing to the inner sensor, we obtain:
The heat balance equation for the sensor located within the housing assumes the form:
where
Introducing the overall heat transfer coefficient k z for the housing referenced to its external surface, we obtain:
The formulas (2) and (4) for the overall heat transfer coefficients were derived using the basic principles of heat transfer [2, 4, 8] . The heat transfer equation for the housing (thermowell) can be written in the following form:
In the analysis of the heat exchange between the housing and the thermocouple the radiation heat transfer will also be disregarded. Such a situation occurs, when a gap between the housing and temperature sensor is filled with non-transparent substance or one of the two emissivities ε o and ε T is close to zero.
After determining the temperature T o from Eq. (3), we obtain:
Substituting Eq. (6) into Eq. (5) yields
Let us next to define the following coefficients in Eq. (7)
to obtain the ordinary differential equation of the second order
The initial conditions assume the form of:
The initial problem (8-9) was solved using the Laplace transformation. The operator transmittance G(s) assumes the following form:
The time constants  1 and  2 are determined using the formula:
The differential Equation (8) can be written in the following form:
For the step increase of the fluid temperature from 0 to the constant value T cz the Laplace transform of the fluid temperature assumes the form:
and the transmittance formula can be simplified to:
After writing Eq. (12) in the form:
it is easy to find the inverse Laplace transformation and determine the thermometer temperature as a function of time:
For the first order model the thermometer response for a unit step fluid temperature change is determined by the simple expression:
If we assume in Eq. (15)  2 = 0 then we obtain Eq. (16) with τ = τ 1 .
In the time response of a first order system, given by Eq. (16) The fluid temperature can be determined on the basis of measured histories of the thermometer temperature T(t) and known time constants
The changing in time fluid temperature T cz (t) can be determined from Eq. (1) or Eq. (12) after a priori determination of the time constant  or time constants  1 and  2 -respectively. The thermometer temperature changes T(t), the first and second order time derivatives from the function T(t) can be smoothed using the formulas [3] : 
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in order to eliminate, at least partially, the influence of random errors in the thermometer temperature measurements T(t) on the determined fluid temperature T cz (t).
The symbol f(t) in Eq. (17-19) denotes the temperature indicated by the thermometer and t is a time step.
If measured temperature histories are not too noisy, the first and second order can be approximated by the central difference formulas
Equation (1) and Equation (2) can also be used for determining fluid temperature T cz when the time constants of the thermocouple τ or τ 1 and τ 2 are a function of fluid velocity u.
After substituting the time constant τ(w) into Eq. (1) we can determine fluid temperature T cz (t) for different fluid velocities using the proposed method.
Experimental determination of time constants
The method of least squares was used to determine the time constants τ 1 and τ 2 in Eq. 
where u(t) is the approximating function given by Eq. (15) (22) to find the value for S min .
The uncertainties in the calculated time constants τ 1 and τ 2 or in τ are estimated using the mean square error
where m is the number of time constants (m = 2 for Eq. (15) and m = 1 for Eq. (16)).
Based on the calculated mean square error s N , which is an approximation of the standard deviation, the uncertainties in the determined time constants can be calculated using TableCurve software [18] .
Determining the fluid temperature on the basis of time changes in the thermometer temperature
An industrial thermometer (Fig. 2) at the ambient temperature was suddenly immersed into hot water with saturation temperature. The thermometer temperature data was collected using the Hottinger-Baldwin Messtechnik data acquisition system. The measured temperature changes were approximated using functions (15) and (16) Next, the fluid temperature changes were determined from Eq. (1) for the first order model and from Eq. (12) for the second order model (Fig. 3) . The time step t was 1.162 s.
The analysis of the results presented in Fig. 3 indicates that the second order model delivers more accurate results.
The same tests were repeated for sheathed thermocouple with outer diameter 1. (Fig. 5) . The WT4401-S benchtop wind tunnel is designed to give a uniform flow rate over 100 mm × 100 mm test cross section [17] .
The experimental data points displayed in Fig. 6 were approximated by the least squares method. The following function was obtained:
where τ is expressed in s, and w in m/s. transfer coefficient α T on the outer thermometer surface, which in turn is a function of the air velocity [19] . In order to demonstrate the applicability of the presented method to actual data, the air temperature T cz (t) in the wind tunnel will be determined based on the measured air temperature with the sheathed K-thermocouple with an outer diameter of The coincidence of the obtained results is very good (Fig. 8 ).
The measured temperature T(t) was not too noisy, so, the time derivative dT/dt in Eq.
(1) might be calculated using the central difference approximation (20) to give the smooth air temperature history (Fig. 8) .
It can be seen that the calculated air temperature T cz (t) differ significantly from the temperature T(t) indicated by the thermocouple (Fig. 9) as the time constant τ(t) is large.
Conclusions
Both methods of measuring the transient temperature of the fluid presented in this paper can be used for the on-line determining fluid temperature changes as a function of time. 
